Introduction
The application of Lamb wave ultrasonic method to nondestructive detection of a defect in a thin plate has attracted great attention recently. The Lamb wave method has an advantage that it can scan the area between the transmitting and receiving transducers. Therefore, the Lamb wave method can give a fast inspection of defects in a plate. The ability of Lamb waves to detect defects in a plate has been reported in several papers. Alleyne and Cawley1) , Lowe and Diligent2), Koshiba et a/.3), Al-Nassar et al. 4) , and Cho et al. 5 ) presented the scattering analysis of Lamb waves by notches on the surface of a plate. Rokhlin6), Crane et al. 7) , and Castaings et al.8) performed the scattering analysis by cracks inside a plate. Lowe et ed.9) investigated the transmission of Lamb waves across adhesively bonded lap joints of two plates. In this paper, the scattering analysis of Lamb waves in perpendicularly bent plates with and without a crack is presented by using the mode-exciting method10). The single cracks on the inner or outer surface of the bent part with various lengths are considered. The scattering behaviors of Lamb waves in the bent plates with and without a crack are discussed in order to investigate the ability of Lamb wave ultrasonic method in characterizing cracks in a bent part. Experimental study is also performed to verify the numerical results.
A statement of the scattering problem of Lamb waves are presented in Section 2. Numerical results and discussion on the scattering coefficient are shown in Section 3. Section 4 presents the experimental study, which is followed by the conclusion in Section 5.
2.
Scattering problem of Lamb waves
In this paper, we consider a perpendicularly bent infinite plate with curvature radius r of the center plane as shown in Fig. 1 . The plate is assumed to be homogeneous, isotropic and linearly elastic.
The dispersive relations of Lamb wave modes propagating in a fiat plate with free surfaces are described as 11)
(1) (2) for symmetric modes and antisymmetric modes, respectively, where k and w denote the wavenumber and the circular frequency, respectively, and h is the half of the thickness of the plate. In Eq. (1), (3) where cL and CT are the velocities of the longitudinal and transverse waves, respectively. Fig. 2 shows the dispersion curves for the steel plate with cL=5940 m/s and cT=3200 m/s, which is used in our experimental study. Here Sm and Am denote the symmetric modes (a) (b) (c) Fig. 3 Three types of perpendicularly bent plates dealt with in this study: (a) without crack, (b) with inner crack, and (c) with outer crack.
In this paper, we consider Lamb wave scattering problems in three types of perpendicularly bent plates: the bent plates without a crack, with an inner crack and with an outer crack in the bent part, which are shown in Figs. 3(a)-(c), respectively. The cracks have the length of d and are located in the middle of the bent parts and in the radial direction. The surfaces of the cracks are assumed to be traction free. 3 .
Numerical results
In this section, numerical results of the scattering coefficients ijrnm are obtained for the frequencies less 3 than the cut-off frequency of Al mode. A0 and So modes are the only propagating modes in this frequency range. As a model for, our experimental specimen shown later, the curvature radius r/h=2.7 is adopted. The numerical method used here is the mode-exciting method. The detail description of the mode-exciting method can be found in our previously published paper10) and will be omitted in this paper. The finite region taken for the calculation in the mode-exciting method is shown in Fig. 4 . The lengths of the finite plates are taken equal to ten times of the inverse number of the smallest absolute value among the imaginary parts of the wavenumbers of nonpropagating modes. In the numerical analysis, a boundary element method with quadratic elements is applied with following discretization. The surface of the crack, the inner and outer surfaces of the bent part, and the side boundaries are divided into 10 elements, 6 elements, 10 elements, and 5 elements, respectively. The surfaces of the plates (1) and (2) are discretized into the elements with the length less than one-eight of the smallest wavelength of propagating mode. In numerical examples shown later, the error based on the power balance10) is less than 1%. 
Experimental study
The experimental setup is shown in Fig. 12 . A pulse generator delivers an electrical signal to a transducer. 
Conclusions
The scattering analysis of Lamb waves in perpendicularly bent plates without crack and with inner and outer cracks of several lengths were carried out by using the mode-exciting method. The scattering coefficients as a function of frequency were calculated for various cracks and were discussed in detail. The differences among the scattering coefficients of various cracks showed the possibility for the characterization of the crack. The experiment was also performed to verify the numerical results. The models of bent plates analyzed in this study are restricted to particular ones which conform the specimens used in the experimental study. In general, the numerical results depend largely on the model adopted in the analysis. To obtain an integrated understanding of the scattering behaviors of Lamb waves in bent plates with cracks, in the future, the analysis has to be carried out for various models, such as the plates with different curvature radii of the bent parts and different crack locations and orientations.
